Abstract A study was conducted to investigate the influence of Asian monsoon on chlorophyll-a (Chl-a) content in Sabah waters and to identify the related oceanographic conditions that caused phytoplankton blooms at the eastern and western coasts of Sabah, Malaysia. A series of remote sensing measurements including surface Chl-a, sea surface temperature, sea surface height anomaly, wind speed, wind stress curl, and Ekman pumping were analyzed to study the oceanographic conditions that lead to large-scale nutrients enrichment in the surface layer. The results showed that the Chl-a content increased at the northwest coast from December to April due to strong northeasterly wind and coastal upwelling in Kota Kinabalu water. The southwest coast (Labuan water) maintained high concentrations throughout the year due to the effect of Padas River discharge during the rainy season and the changing direction of Baram River plume during the northeast monsoon (NEM). However, with the continuous supply of nutrients from the upwelling area, the high Chl-a batches were maintained at the offshore water off Labuan for a longer time during NEM. On the other side, the northeast coast illustrated a high Chl-a in Sandakan water during NEM, whereas the northern tip off Kudat did not show a pronounced change throughout the year. The southeast coast (Tawau water) was highly influenced by the direction of the surface water transport between the Sulu and Sulawesi Seas and the prevailing surface currents. The study demonstrates the presence of seasonal phytoplankton blooms in Sabah waters which will aid in forecasting the possible biological response and could further assist in marine resource managements.
Introduction
Chlorophyll-a (Chl-a) is a proxy measurement of phytoplankton biomass and photosynthetic potential for many decades (Ryther and Yentsch 1957) . Ocean Chla concentration is the most common property that characterizes marine first trophic levels (Wang and Liu 2005) , so it is highly correlated with marine production (Ware and Thomson 2005) and can be used as an index to evaluate the potential productivity of fishing grounds (Waluda et al. 2001 ). Seasonal to inter-annual changes in phytoplankton biomass and productivity are very important components of the total variability associated with ocean biological and biogeochemical processes (Yoder and Kennelly 2003) .
Coastal and estuary ecosystems typically exhibit high temporal and spatial variabilities in Chl-a concentration due to climatic, biological, physical (e.g., monsoon, river runoff, oceanic circulation, upwelling, temperature, stratification, mixing, and fronts) and chemical conditions (Kiyomoto et al. 2001; Hendiarti et al. 2004; Satpathy et al. 2011) . Continuous monitoring of near-surface Chl-a concentration can only realistically be achieved by ocean color remote sensing which provides the synoptic spatial and temporal data that are not attainable by in situ sampling (Thomas et al. 2003; Harding et al. 2005; Gómez et al. 2011) . In recent years, high temporal and spatial satellite sensor data, such as moderate-resolution imaging spectrometer (MODIS), have been widely used in many applications including the monitoring of water bodies due to their high spectral resolution, short revisit period, free of charge, and fast acquisition (Wu et al. 2009 ).
The Asian monsoon system is characterized by two monsoon regimes, namely, the southwest monsoon (SWM), from late May to September, and the northeast monsoon (NEM), from November to March. The transition period between the monsoons is known as the inter-seasonal period (Malaysian Meteorological Service 2010) . In the past decade, a number of studies have been carried out on the seasonality of Chl-a concentration and its response to oceanographic events in nearby waters. Wang et al. (2006) revealed phytoplankton blooming events in the Sulu Sea Basin due to upwelling during the NEM season. Takeda et al. (2007) found high-nutrient and low-temperature conditions at the southeastern edge of the Sulu Ridge caused by vertical mixing events. In the areas of South China Sea, phytoplankton was found blooming on the Vietnam coast during SWM and near Luzon Straits during NEM (Tang et al. 1998 (Tang et al. , 1999 (Tang et al. , 2004 Liu et al. 2002) .
The above investigations, however, were restricted only to small areas, gulfs, or coastal waters with limited extent, and none of these studies has covered the entire western and eastern coastal waters around Sabah, possibly due to its long coastline, complex geography, and the numerous islands near the coast, resulting in difficulty to carry out shipboard survey. For that reason, we have very limited knowledge on its marine ecological characteristics and oceanographic processes. In this study, we aimed at analyzing a combination of satellite-derived data, such as Chl-a, sea surface temperature (SST), sea surface height anomalies (SSHA), wind speed (WS), wind stress curl (WSC), and Ekman pumping (EP), to investigate the seasonality of Chl-a concentrations and its relationship with other oceanographic parameters during different monsoon periods. Moreover, the study also aims at identifying the related oceanographic conditions that caused phytoplankton blooms at the eastern and western coasts of Sabah.
Background of the study area
Sabah, formerly a British Colony known as North Borneo, is part of East Malaysia and the second largest state in Malaysia. It covers an area of 73,711 km 2 with a long coastline of 1,743 km and shares a border with the province of East Kalimantan of Indonesia in the south. A study of Chl-a variations was conducted for the coastal waters around Sabah which consist of the South China Sea on the west, the Sulu Sea on the northeast, and the Sulawesi (a.k.a. Celebes) Sea on the southeast (Fig. 1) . Sabah is known as "Negeri Di Bawah Bayu" in local Malay language, which means "the land below the wind," because of its location below the typhoon and monsoon belt (Cooke 2003) .
The South China Sea is one of the world's largest seas that encompasses approximately 200 isolated oceanic islands and is considered to be within the epicenter of tropical reef biodiversity (TRACC 2001) . The Sulu Sea is an enclosed sea, like the Mediterranean Sea, isolated from surrounding waters by a chain of islands: Borneo Island in the southwest; Palawan in the west; Busuanga and Mindoro in the north; Panay, Negros, and Mindanao in the east; and the Sulu Archipelago in the southeast (Wang et al. 2006) . The Sulawesi Sea in the western Pacific Ocean has strong ocean currents resulting in complex oceanographic features of deep sea trenches and sea mounts combined with active volcanic islands (Wyrtki 1961) . Sabah coastal waters possess some of the world's richest ecosystems characterized by extensive coral reefs, dense mangrove forests, and an abundance of coastal and deep-see fisheries, including big pelagic fisheries such as tunas (Biusing 2001) . The marine fishing industry in Sabah has produced fish not only enough for the local consumption but also a surplus for export (Jafar-Sidik et al. 2010) . For that reason, it is highly important to understand the spatial and temporal patterns of the Chl-a variations in this region in order to support the fishery resources and marine aquaculture development.
Materials and methods
Monthly MODIS Aqua-derived Chl-a and SST images, level 3 (version 1.1), were downloaded from NASA's Goddard Space Flight Center Distributed Archive Center (http://oceancolor.gsfc.nasa.gov/). These images were further processed and analyzed using SeaWiFS data analysis system (SeaDAS). Monthly averaged QuikScat wind speed data were obtained from remote sensing systems (data available at http://www.remss.com). Monthly wind stress and curl data were downloaded from the Fleet Numerical Meteorology and Oceanography Center (FNMOC) datasets at Pacific Fisheries Environmental Laboratory live access server (data available at http://las.pfeg.noaa.gov/ las/). Rainfall data were acquired from the Malaysian Meteorological Department. The SSHA data were obtained from the maps of sea level anomalies/Archiving, Validation, and Interpretation of Satellite Oceanographic Data (AVISO; http://www.aviso.oceanobs.com/). The gridded data are calculated by combining Topex/Poseidon and ERS altimeter data. The accuracy of these maps can be reduced to about 3-cm RMS on average as it has a very efficient correction of orbit errors on along-track data (Testut et al. 2003) . Surface current data were acquired from the Navy Coastal Ocean Model project at the Naval Research Laboratory (http://www7320.nrlssc.navy.mil/).
In order to compare the seasonal variations of Chl-a and the related oceanographic conditions along the eastern and western coasts of Sabah, we divided these coastal areas into five zones off the main towns in Sabah (Labuan, Kota Kinabalu (KK), Kudat, Sandakan, and Tawau; dotted squares in Fig. 1 ). The extents of these zones covered most of Sabah territory waters inside the so-called exclusive economic zones. These zones gave the differences in the geographical extents, oceanographic dynamics, and water runoff characteristics. Monthly MODIS Aqua (level 3) Chl-a and SST images, from January 2003 to December 2009, were composited into a single image for the same month using SeaDAS software in order to reduce the effect of cloud cover. The Chl-a and SST composite images were exported to ArcGIS software in order to extract the averaged values over each zone. All monthly QuikScat wind speed (from January 2003 until December 2007) and SSHA (from January 1998 to December 2009) data were downloaded and averaged for the same months and then exported to ArcGIS for the comparison with Chl-a and SST variation. Additionally, the monsoonal wind speed images were composited for the NEM (November, December, January, and February) and the SWM (May, June, July, and August). To estimate water upwelling, EP velocity was calculated from the WSC data using a simple WCSto-EP conversion (Apel 1987) . Correlation analysis was carried out between the oceanographic parameters at different regions in Sabah water to provide supportive evidence for the results.
Results

Seasonal variations of Chl-a
Analysis of the 7-year composite (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) monthly mean Chl-a images showed that there was a seasonal variability of Chl-a in Sabah water (Fig. 2a) . Along the western coast, an obvious increase of Chl-a concentration was observed during NEM. The highChl-a area emanated from the northwest part (northern KK) since December and extended in a jet shape to the west and southwest, reaching Labuan water from January to March during NAM. The high-Chl-a area started decaying since April, and low Chl-a (<0.5 mg m −3 ) dominated KK water during SWM. The coastal water off Labuan maintained higher concentrations throughout the year compared to KK water. However, phytoplankton blooms appeared from the area of southern Labuan since October and extending to Labuan offshore water during NEM. At the eastern coast, a higher Chl-a belt appeared along the coastline off Sandakan in November and extended to a wider area offshore within the development of NEM, with particularly high concentrations at southern Sandakan. The coastal water at the northern tip off Kudat did not show any pronounced change throughout the year. In the southeast part, a high-Chl-a area was found in Tawau water from May to August during SWM, while another high-Chl-a area appeared from the Sulu Sea since October and extended southwardly to Tawau offshore water from November to January during NEM. The high-Chl-a area in Tawau offshore water seemed to fade since February, reaching the lowest concentration in April during early SWM.
Monthly averaged Chl-a results showed different trends of Chl-a variations in Sabah coastal waters throughout the year (Fig. 2b) . At the western coast, Chl-a increased in KK water since December, reaching the maximum concentration in February. However, the sharp increment of Chl-a in KK water was from January to March during NEM. In Labuan water, a significant rise was found since November, reaching the peak in January, while a small-scale increase occurred during the SWM. At the eastern coast, surface Chl-a increased in Sandakan water since October, reaching the maximum in January during NEM. Tawau water had two increasing trends throughout the year, with the first peak in August during NEM and the second in December during early NEM. Kudat water did not show a pronounced change and maintained relatively low concentrations. Surface Chl-a increased as much as three times in KK water during NEM compared to SWM (Table 1) . However, it increased as much as twice in both Labuan and Sandakan waters during NEM. Tawau water had the lowest variation during monsoon seasons. Among all Sabah waters, the lowest concentration was in KK water during SWM and the highest was in Labuan water during NEM.
Prevailing wind speed, rainfall, and Ekman pumping velocity
The climatological distribution of QuickSCAT WS fields showed spatial and seasonal variations in Sabah coastal waters. During the NEM, strong northeasterly wind (>6.5 ms −1 ) was blowing over the western coast with higher speed at the northwest part (northern KK) as compared with Labuan water (Fig. 3) . The strong northeasterly wind was also blowing over the northeast coast of Sabah with higher speed at the northern tip (off Kudat) compared to its speed at Sandakan water. However, the southeast coast off Tawau received a relatively weak NEM wind, in contrast to other regions. During the SWM, a weak southeasterly wind (<5.4 ms −1 ) was found blowing over Labuan, Sandakan, and Tawau, while relatively higher speeds ( not more than 6.1 ms −1 ) were noticed at the northwest part off KK and at the northern tip off Kudat. Interestingly, the weak southwesterly wind dominated the coastal water off Tawau and Sandakan, with almost no differences in its strength at these two regions.
The monthly mean WS variations ( Fig. 4c ) showed a similar pattern at both KK and Labuan waters, an increasing trend since June and reaching the maximum in January during NEM. Stronger wind was found at KK compared to Labuan throughout the year; with higher differences during SWM compared to NEM. Sandakan and Tawau showed some similarities despite the existence of high differences during NEM (Fig. 4d) . Both Sandakan and Tawau waters illustrated the first peak WS in August during SWM, whereas the second peak was in January at Sandakan and in February at Tawau during NEM. However, Sandakan had a high variation between the first and second peaks of WS, whereas Tawau presented minor differences during the monsoon seasons (Table 1) . At the west coast, the peak NEM WS at Labuan coincided in (2003) (2004) (2005) (2006) (2007) (2008) (2009) time with the maximum Chl-a, whereas the maximum Chl-a in KK water occurred 1 month after the peak NEM WS (Fig. 4a, c) . At the east coast, the peak NEM WS at Sandakan coincided in time with peak Chl-a. Surprisingly, the peak NEM WS at Tawau coincided in time with the lowest Chl-a (Fig. 4b, d ).
The wind pattern in Sabah waters (Fig. 5 ) showed similar observations of averaged monsoonal WS, Fig. 3 Climatological fields of QuickSCAT wind speed (in meters per second) for the NEM (November, December, January, and February) and the SWM (May, June, July, and August, 2003-2007) higher speed at the west coast compared to the east coast, and stronger wind at the northern tip and KK water in both seasons. During the NEM, the highest WS was observed at the area above latitude 5.5°N in the west coast, while the lowest was at the east coast below latitude 5.5° (Fig. 5a ). The strong NEM wind in the Sulu Sea rushes through the gap between Sabah and Palawan islands and then continues blowing with high speed over the west coast of Sabah. This maxima speed was maintained along the west coast due to its geographical extent in the same axis of monsoonal wind. The strong northeasterly wind gets weaker when it blows across a range of islands forming the northern and the eastern boundaries of the Sulu Sea. Accordingly, monsoonal wind is relatively weak in Tawau water owing to the topological influence of the high mountain range in Mindanao Island, the second largest mountainous island in the Philippines (Cutaran 2008 ) was found at Tawau water during NEM. Positive WSC is associated with upwelling, while negative WSC is associated with downwelling. These events were also evident in EP velocity (Fig. 4e, f was observed in both KK and Labuan waters, while negative EP (downwelling) was in Tawau water during NEM.
During the SWM, the highest southwesterly WS was noticed at the western coast above latitude 5.5°N, followed by the second highest speed in Tawau water (Fig. 5b) . As stated previously, the SWM wind maintained high speed along the west coast due to its geographical extent, while lower speed was at Tawau and Sandakan due to the effect of the orographic features on the nearby islands and the complexity of the east coastline configuration. Negative WSC was observed along the entire western coast, and strong negative values (less than −0.4×10 −6 Pam −1 ) were in KK water. Positive
) was at Tawau and Sandakan waters during SWM. Figure 4e , f showed strong negative EP in KK water during SWM, whereas positive EP was in both Sandakan and Tawau waters. Peak Chl-a at Labuan water coincided in time with the maximum EP, while KK water maintained high Chl-a 1 month after the highest EP. Sandakan water showed peak Chl-a when EP had very low velocities (near to zero) during NEM. Tawau water depicted good consistency between the first maximum Chl-a and peak EP during SWM, and between the lowest Chl-a and the lowest EP during SWM.
The monthly rainfall rate illustrated different trends in Sabah regions (Fig. 4g, f) . At the west coast, a similar trend was found at both KK and Labuan stations. Both stations had an increasing trend since May, reaching the maximum rate in October during the transition period, while the lowest rainfall was in February during NEM. At the eastern coast, distinct patterns were found between Sandakan and Tawau stations. Sandakan showed high variations between the monsoon seasons, with the maximum rate in January during NEM. Low rainfall rates prevailed at Tawau, with nominal variations throughout the year. The trend of monthly rainfall at KK and Labuan was much different from those of both Chl-a and WS monthly variations. However, the peak rainfall at Sandakan coincided in time with the Chl-a and WS peaks during NEM.
Monthly SST and SSHA variations
Analysis of the 7-year composite monthly MODIS Aqua SST showed high temperatures (27-31°C) in Sabah waters throughout the year, as characteristic of tropical water (Fig. 6) . Along the western coast, cold water appeared from the northern parts off KK and extended to the west and southwest, reaching Labuan water from December to March during NEM. The cold SST area started decaying since April, and warm SST distributed during SWM. The cold SST area northern KK coincided in time and place with high Chl-a fronts (Fig. 2) , suggesting an upwelling event during NEM. Labuan inshore water maintained a high SST (Fig. 6 ) and a high Chl-a (Fig. 2) throughout the year, pointing to the effect of coastal discharge from the Pidas River, the second largest river basin in Sabah.
At the eastern coast, a cold SST area appeared from the northeast part of the Sulu Sea and spread toward the northeast coast (off Sandakan) since November (Fig. 6) , and then transported southwardly to the Sulawesi Sea, reaching Tawau water from November to February during NEM. However, higher SST fields were depicted in southern Sandakan compared to the northern part. The high-SST area in southern Sandakan coincided in time and place with high Chla fields (Fig. 2) , reflecting the effect of coastal discharge from the Kinabatangan River, the largest river basin in Sabah. Besides, the inshore water off Sandakan and Tawau depicted high SST (Fig. 6) and high Chl-a (Fig. 2 ) throughout the year, indicating the effect of coastal discharge at these areas. The cold water transported from the Sulu Sea into the Sulawesi Sea illustrated less extent in February when the NEM was fully developed (Fig. 6) . Accordingly, high-SST fields appeared in Tawan water from February to April. The appearance of higher SST in Tawau water coincided in time and place with the occurrence of a lower Chl-a (Fig. 2) during late NEM and pre-SWM.
The monthly mean SSHA composites (1998-2009) showed a high variation in the study area. Along the western coast and during the NEM, lower SSHA appeared in the inshore water off both KK and Labuan compared to the offshore water from December to March (Fig. 7) . This altimetry feature indicated offshore water transport toward the open sea during NEM. However, lower SSHA fields were observed at the northwest part compared to Labuan water during NEM, corresponding with the initiation of upwelling at the northern KK water. Corroborating evidence on the offshore water transport was in Fig. 8a , which illustrated offshore surface currents along the west coast within a clockwise circulation in the South China Sea in February 2010. During the SWM, higher SSHA fields occurred at northern KK compared to Labuan water from May to August (Fig. 7) , suggesting alongshore water transport and downwelling. This alongshore transport was also recognized in the prevailing surface currents in July 2010 (Fig. 8b) .
At the eastern coast and during the NEM, a low-SSHA area appeared from the northeast part of the Sulu Sea and extended toward Sabah, causing higher SSHA fields at Sandakan water, off Kudat, and along the west coast during early NEM (November and December; Fig. 7) . The high-SSHA fields started decaying from January to March. Meanwhile, another high-SSHA area appeared from the central part of the Sulawesi Sea and extended toward Tawau, leading to the emergence of higher SSHA fields in Tawau water from February to April. This altimetry feature indicated the transport of oligotrophic water from the central part of the Sulawesi Sea toward Tawau, lowering the Chl-a (Fig. 2) and increasing the SST (Fig. 6) within the full development of SWM. Corroborating evidence can be seen in Fig. 8a , which illustrated a wide extent of a clockwise circulation in the Sulawesi Sea in February 2010. Within the emergence of SWM in May, low-SSHA fields appeared in the inshore water of both Tawau and Sandakan compared to the offshore water, indicating the offshore transport of surface water during SWM. However, this offshore transport was getting weaker within the development of SWM due to the intensive surface currents from the Sulu Sea toward Sandakan and from the Sulu Archipelago toward Tawau. Figure 8b showed supportive evidence since the surface currents were transported from the Sulu Sea toward Sandakan, maintaining low heights in the inshore water, and from the coastal water near the Sulu Archipelago toward Tawau offshore water in July 2010.
The monthly SST results (Fig. 9a, b) showed a decreasing trend at both Labuan and Tawau waters during NEM, with higher temperatures at Labuan compared to KK throughout the year. SST was observed in February at both regions. Sandakan water showed the minimum SST in January, whereas Tawau water had the first minimum in August and the second minimum in January. The highest seasonal variation of SST was in both Labuan and KK waters, while the lowest was in Tawau water (Table 1 ). The monthly mean SSHA (Fig. 9c, d ) showed similar trends in both Labuan and KK waters, with the maximum heights in November or December during early NEM. Sandakan showed maximum SSHA in November, while Tawau presented two minimum SSHA in July and January (Table 1) [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] Tawau water showed a significant increase in SSHA in February which coincided in time with the lowest Chl-a (Fig. 4b ) and peak WS (Fig. 4d) . Besides, the decreasing trend in SSHA at KK agreed well with the sharp increase in Chl-a (Fig. 4a) . Furthermore, the lowest SST at both KK and Sandakan coincided in time with peak Chl-a and WS.
Discussions
Key factors limiting the growth of phytoplankton
Generally, the availability of nutrients and light radiation are the key factors limiting the growth of phytoplankton. However, in Sabah coastal water, light may not be a key factor because it is located in the tropical region, whereas the accessibility of nutrients may perhaps be the determining factor (Tang et al. 2003; An and Du 2000) . The oceanographic conditions in the east and west coasts around Sabah are complex, varying with space and time, and the interaction between these factors must have had a considerable influence on the transport and distribution of nutrients in the study region, ultimately affecting the growth of phytoplankton. Hence, an emphasis has been placed on discussing important oceanographic conditions influencing the distribution of Chl-a concentrations in this study. Table 2 provides a summary of water enrichment factors and oceanographic conditions in Sabah waters during the monsoon seasons.
The distribution of Chl-a and oceanic conditions at the west coast of Sabah
The coastal water along the west coast of Sabah extends exactly in the main wind direction of both seasons (Fig. 1) . Hence, the Asian Monsoon has a great impact on the seasonality of its physical, chemical, and biological characteristics (Wyrtki 1961) . At the western coast, an obvious increase of surface Chl-a is depicted in KK water from December to April during NEM (Fig.2) . The high-Chl-a area in KK water coincided in time and place with cold SST (Fig. 6 ) and low SSHA (Fig. 7) , suggesting coastal upwelling during NEM. When the strong NEM wind started blowing over the west coast, the surface water flowed from the Sulu Sea into the South China Sea through the Balabac Strait and then transported offshore (Fig. 8) , causing a low-SSHA area in KK inshore water (Fig. 7) . Wind pattern analysis showed that KK water received the highest NEM WS (Fig. 3) and very strong positive WSC values (Fig. 5 ) compared to all other regions. Consequently, the positive WSC induced upwelling, lowering the SST and raising the Chl-a in KK water. However, the sharp increase of Chl-a in KK water was from January to March, and the peak Chl-a occurred 1 month after the maximum WS (Fig. 4) . That difference was attributed to the high amount surface water transport into the upwelling area (Fig. 7) which interrupted the development of phytoplankton during early NEM. Supportive evidence was provided in Fig. 10 , which showed significant negative correlations between Chl-a and SST (R 2 00.81, p<0.001) and between Chl-a and SSHA (R 2 00.74, p < 0.001), pointing to upwelling during NEM. However, low correlation was found between Chl-a and WS (R 2 00.33, not shown). Labuan water depicted a significantly high Ch-a during NEM and maintained high concentrations (>1 mgm −3 ) throughout the year (Fig. 2) . The high
Chl-a is attributed to the accessibility of nutrients from the upwelling area during NEM and the effect of Padas River discharge during the rainy season (SWM; Fig. 4g ). After high rainfall, more sediment and organic material will be flushed into the sea within the river discharge. Thus, the effect of suspended sediments and/or colored dissolved organic matter on the Chl-a estimation is expected to be more severe during the rainy season. Consequently, high Chl-a in Labuan water was likely being overestimated during the rainy season. Labuan water showed two peaks of Chl-a during the monsoon seasons, with the maximum in January (Fig. 4a ) and the small-scale peak in June. The small-peak Chl-a during SWM agreed well with the highest rainfall rates in Labuan water (Fig. 4g) . Besides, the high Chl-a in Labuan offshore water was influenced by the changing direction of Baram River plume during NEM (Knee et al. 2006) . Within the continuous supply of nutrient from the upwelling area and the accessibility of Param River plume, phytoplankton blooms maintained for longer times in the offshore water off the west coast during NEM (Fig. 2) .
The distribution of Chl-a and oceanic conditions at the east coast of Sabah
The east coast of Sabah is facing the Sulu and Sulawesi Seas, respectively; hence, the predominant direction of surface water transport between these seas has a significant impact on determining their biological and ecological characteristics. Along the northeast coast, higher Chl-a concentrations appeared along the Sandakan coastline and transported to a wider area offshore from November to March during NEM, whereas the northern tip off Kudat did not show a pronounced change throughout the year (Fig. 2) . In Sandakan water, the existence of numerous large basin rivers has diffuse impacts on water turbidity during the rainy season (NEM, Fig. 4h ). The discharged material is transported to a wider area offshore, particularly at southern Sandakan near the mouth of the Kinambatangan River. Consequently, the peak Chl-a in Sandakan water (Fig. 4b ) coincided in time with the highest rainfall rates (Fig. 4h) and maximum NEM WS during NEM (Fig. 4d) . Moreover, alongshore water transport driven by NEM wind contributed to the existence of higher Chl-a (Fig. 2 ) and warmer SST (Fig. 6 ) at southern Sandakan compared to the northern region. This alongshore transport was evident in the SSHA map as higher SSHA fields in southern Sandakan during NEM (Fig. 7) , and it was also shown by the prevailing surface currents (Fig. 8a) . Supportive evidence was illustrated in the correlation analysis between Chl-a and the (2003) (2004) (2005) (2006) (2007) (2008) (2009) oceanographic parameters at Sandakan water (Fig. 11 ). Significant positive correlations were found between Chl-a and WS (R 2 00.76, p<0.001) and between Chl-a and rainfall (R 2 00.84, p<0.001) during NEM, reflecting the effect of coastal discharge and river runoff of Chl-a during the rainy season.
The southeast coast showed high Chl-a in Tawau water during both monsoon seasons, whereas the lowest concentration was from February to April during late NEM and pre-SWM (Fig. 2) . The high-Chl-a area appeared from the Sulu Sea since October and extended southward to the offshore water from November to January during NEM, whereas another high Chl-a was illustrated in the offshore water off Tawau from May to August during SWM. During the NEM, a strong NEM wind started blowing over the Sulu Sea, while a very weak wind prevailed over the Sulawesi Sea due to the influence of the topographic features on Mindanao Island (Fig. 3) . Consequently, higher SSHA fields appeared along the Sandakan coastline (Fig. 7) , pointing to surface water transport from Sandakan into Tawau water during NEM. Sulu Sea water off Sandakan is characterized as turbid water due to the influence of high rainfall during NEM (Fig. 4h) . During the NEM, surface Chl-a increased in Tawau water from October to January during early NEM according to the nutrient supply from Sulu Sea water (Fig. 4b) . However, the intrusion of oligotrophic water from the central part of the Sulawesi Sea caused a higher SSHA area in Tawau water (Fig. 7) , raising the SST (Fig. 6) and lowering Chl-a (Fig. 2) within the full development of NEM. During the SWM, another increasing pattern of Chl-a was demonstrated from May to August (Fig. 4b) owing to the transport of cold nutrient-rich surface water from the area near the Sulu Archipelago (Takeda et al. 2007 ) and a wider extent of Tawau inshore water driven by SWM winds. This was indicated by the higher SSHA near the Sulu Archipelago compared to the lower heights in Tawau offshore water (Fig. 7) and the occurrence of low-SSHA fields in Tawau inshore water compared to the offshore region during SWM.
Conclusion
MODIS Aqua Chl-a seasonality was different in KK, Labuan, Sandadan, and Tawau waters, whereas the northern tip off Kudat did not show a pronounced seasonality. This study demonstrated that the seasonal phytoplankton bloom in KK water is strongly influenced by the monsoonal wind-induced upwelling and the effect of surface water transport into the South China Sea. Besides, the high Chl-a in Labuan water is attributed to the accessibility of nutrients from the upwelling area during NEM and the effect of the Padas River discharge during the rainy season. Besides, the changing direction of the Baram River plume during NEM and the continuous nutrient supply from the upwelling area contributed to the maintenance of phytoplankton blooms for a longer time in the offshore water during NEM. In Sandakan water, the increment of surface Chl-a during NEM is associated with the higher amount of coastal water discharge during the rainy season. The southeast coast of Sabah has complex and distinct oceanographic conditions. However, our study showed that a high Chl-a in Tawau water is highly linked with the surface water transport from the Sulu Sea during early NEM and the intrusion of nutrient-rich water from the Sulu Archipelago during SWM. Using a series of remotely sensed oceanographic measurement helps increase the accuracy of understanding the oceanographic events which induced primary productivity. This is the first study that demonstrates the different seasons for phytoplankton blooms related to the different oceanographic events along Sabah coasts. The discovery of these different seasons has given us a great understanding on the spatial and temporal variability of the primary productivity in Sabah water. Rainfal (mm/month) Fig. 11 Correlation analysis between Chl-a and WS (left) and between Chl-a and rainfall (right) at Sandakan water during NEM (2003) (2004) (2005) (2006) (2007) (2008) (2009) 
